Purpose: We evaluated the repeatability of wide-field en face swept-source optical coherence tomography angiography (SS-OCTA) in healthy subjects.
Introduction
Optical coherence tomography angiography (OC-TA) is an imaging technique based on motion contrast and allows assessment of the microvascular anatomy of the retina without dye injection. 1, 2 Whereas the scanning range of OCTA was initially limited to the macula, technical advances, such as swept source OCT (SS-OCT), now allow scanning larger areas of the posterior pole. The PLEX Elite 9000 is a SS-OCT device containing a tunable laser with a central wavelength of 1060 nm and is able to scan areas of 12 3 12 mm, which can be extended to 708 to 808 by montage of scans in the four quadrants. 3 Although wide-field SS-OCTA is assumed to be useful for wider and noninvasive evaluation of retinal vascular anatomy especially in the setting of retinal vascular disease, such as diabetic retinopathy or retinal vein occlusion, little research has been directed at investigating the repeatability of wide-field SS-OCTA. 4 In this study, we examined the repeatability of wide-field SS-OCTA in healthy eyes.
Methods
This prospective observational study included 21 healthy volunteers of the outpatient clinic of the ophthalmology department of the University Hospital Bern, Switzerland between October 2017 and December 2017 (ClinicalTrials.gov registration No. NCT02811536). Approval for the collection and analysis of SS-OCTA images was obtained from the ethics committee at the University of Bern, Switzerland. The study was performed in accordance with International Conference on Harmonisation-Good Clinical Practice (ICH-GCP) guidelines, which correspond to the Health Insurance Portability and Accountability Act of 1996 (HIPAA) regulations. Written informed consent was obtained from all participants.
SS-OCTA images centered on the fovea with a scanning size of 3 3 3 mm and five additional 12 3 12 mm raster scans centered on the fovea, and temporal superior, temporal inferior, nasal superior, and nasal inferior quadrants were acquired using the PLEX Elite 9000 scanner (Carl Zeiss Meditec, Inc., Dublin, CA). The 3 3 3 mm raster scan consists of 300 Ascans per B-scan (with 10 lm spacing between adjacent scans), four B-scan repetitions per location and 300 B-scan positions in the raster. The 12 3 12 mm scanning pattern consists of 500 A-scans per Bscan (24 lm spacing between adjacent scans), 500 Bscans in the cube with two B-scan repetitions per location. The OCTA wide-field images consisted of five 12 3 12 mm scans and were automatically merged by the manufacturer's software covering all four quadrants and 708 to 808 of the posterior pole.
Evaluation of the Retinal Vasculature
Vessel and perfusion density as well as the foveal avascular zone (FAZ) areas for the central 3 3 3 mm scan were obtained by the software Macular Density Algorithm Version v0.6.1 (Carl Zeiss Meditec, Inc.) where perfusion density was defined as the total area of perfused vasculature per unit area in a region of measurement. The unitless results ranged from 0 (no perfusion) to 1 (fully perfused). Vessel density refers to the total length of perfused vasculature per unit area in a region of measurement in units of inverse millimeters.
Vessel density of the wide-field OCTA images was calculated with the AngioTool software for each imaging session (available in the public domain at https://ccrod.cancer.gov/confluence/display/ROB2/ Downloads), which is a validated source for measuring vascular networks. 5 The SS-OCTA wide-field images were cropped to include only imaged areas of the retina. Lacunarity describes the distribution of the sizes of gaps or lacunae surrounding the object within the image. 6 AngioTool also provides a measure of number of vessel junctions, by computing the ''branching index'' (branch points/unit area) of the vascular network analyzed. 5 
Evaluation of Imaging Artefacts
Imaging artefacts were assessed by two graders (ME and MT). Motion artefacts were considered present when a white-line was detectable on the OCTA image with concomitant lateral displacement on B-scan images. Projection artefacts as well as motion artefacts, 7, 8 displacement artefacts (discontinuous blood vessels), shadowing (attenuation of the signal), vessel doubling (two copies of a blood vessel), and white line artefacts were assessed on sequential OCTA images. 7 
Statistical Analysis
Intraclass correlation coefficient (ICC) estimates and their 95% confident intervals (CIs) were calculated using SPSS statistical package version 21 (SPSS, Inc., Chicago, IL) based on a mean-rating (k ¼ 2), absolute-agreement, 2-way mixed-effects model. Bland Altman plots were calculated with GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA).
Results
Forty-two eyes of 21 volunteers (14 females and 7 males; average age, 32 years; range, 18-61 years; standard deviation [SD] 610) were included. Mean interval between imaging sessions was 8 (9 6 3) days.
Repeatability of Microvascular Anatomy in the Central 3 3 3 mm Scan
In the 3 3 3 mm scan average FAZ area was 0.2288 mm 2 
Analysis of Imaging Artefacts
Imaging artefacts as described by Spaide et al. 7 were present in 100% of wide-field SS-OCTA slabs. The most prevalent imaging artefact was displacement artefact (present in 96.34%), followed by shadowing (present in 92.27%), white line artefacts (present in 63.41%), and vessel doubling (present in 35.37%). These values show the percentage of images where at least one artefact was present.
Internal consistency of artefact assessment was quite low with an ICC of 0.220 for displacement artefacts (95% CI, À0.474-0.558), 0.559 (95% CI, 0.166-0.767) for shadowing, 0.567 (95% CI, 0.181-0.771) for vessel doubling, and 0.620 (95% CI, 0.281-0.779) for white line artefacts (Fig. 4) . 
Discussion
Because of the recent advances in OCTA imaging with the capabilities of some devices to image retinal vasculature beyond the temporal arcades, it is important to establish reliability and repeatability for microvascular quantitative metrics. We examined the repeatability of quantitative parameters of widefield SS-OCTA using the swept-source PLEX Elite 9000 scanner in healthy subjects.
So far, repeatability of different OCT-A devices has been focused mainly on the central 3 3 3 mm scan mode with the majority of studies focusing on FAZ Previous reports about the robustness of FAZ parameters and vessel density in 3 3 3 and 6 3 6 mm scans using the Angiovue OCT device found the FAZ parameters to be a robust outcome parameter and the vessel density to be more variable in particular in the 6 3 6 mm scans. 10 For other metrics within the 3 3 3 mm scan area, such as perfusion density, the ICCs are generally lower, ranging from 0.3 to 0.9 across different studies, while the repeatability of the foveal vascular density found an excellent repeatability with ICCs ranging between 0.873 and 0.977. 9, 11, 12 This may be due to the fact that in vessel density (also called vessel skeleton density) the size of the vessel is negligible and all vessels are treated equally. This makes the parameter more sensitive to capillary dropout and flow void in capillaries, but therefore, also makes it more prone to noise and artefacts. The perfusion density in turn, evaluates the total area occupied by perfused vasculature per unit; therefore, larger vessels influence the measurement more than smaller vessels, which makes the parameter more robust, but also less sensitive for changes of the capillaries. Also, the trend that the deep vascular network yields lower repeatability values is in keeping with our findings.
11
In our study, the repeatability of metrics of the vessel density of the superficial layer had an ICC of 0.834, whereas the vessel density of the deep layer showed a fair repeatability with an ICC of 0.523. This is likely due to the fact that the deep layers are more prone to projection artefacts.
The scan pattern used has been shown to affect repeatability of OCTA technology, which is in keeping with our data. Whereas the perfusion density of the superficial layer in the 3 3 3 mm was lowest with an ICC of 0.269 (95% CI, À0.360-0.607), the ICC in the wide-field SS-OCTA montage was 0.677 (95% CI, 0.390-0.829). As already pointed out in an earlier study, the reason for the lower repeatability score in the central 3 mm scan compared to the 6 mm or wide-field scan may be that the centration of the macula within the scan area has a greater impact on the 3 mm scan.
11 Also the lower resolution in the 6 3 6 and 12 3 12 mm scans may contribute to this deviation, as well as the depiction of the peripapillary network, which is very dense. These differences highlight the critical need not only to use the same and consistent scan pattern if vessel length density (VLD) and perfusion density (PD) measurements are compared between different visits, but also the need for a uniform analysis platform within studies. Quantitative metrics of wide-field OCTA, such as the total number of end points as well as the total vessels length showed an excellent repeatability. As such, OCTA montage images may be useful for longitudinal studies investigating retinal vascular pathologies and may have advantages to other widefield imaging modalities, such as ultra-wide-field fluorescein angiography. 4 Our study has several limitations that must be considered. The overall cohort sizes were relatively small and quantification of anatomical features was assessed with two different analysis algorithms. The central 3 3 3 mm scan was analyzed by the customized software provided via the ARI-network platform, while the wide-field montage was analyzed by the AngioTool software and, as such, some of the variability may be explained by the algorithm used. Furthermore, we focused only on the superficial retinal vasculature for wide-field OCTA data, primarily because this layer provided the best contrast for retinal vessels and because the resolution of 24 lm on the 12 3 12 mm scans may make exact evaluation challenging and error prone. Although refinements in data processing and analysis will be necessary to render quantitative OCTA more user friendly, we were able to show that quantitative analysis of the retinal microvasculature can be performed with a high degree of repeatability.
